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ABSTRACT
Globular clusters (GCs) have been posited, alongside dwarf galaxies, as significant contribu-
tors to the field stellar population of the Galactic halo. In order to quantify their contribution,
we examine the fraction of halo stars formed in stellar clusters in the suite of 25 present-day
Milky Way-mass cosmological zoom simulations from the E-MOSAICS project. We find
that a median of 2.3 and 0.3 per cent of the mass in halo field stars formed in clusters and
GCs, defined as clusters more massive than 5 × 103 and 105 M, respectively, with the 25–
75th percentiles spanning 1.9–3.0 and 0.2–0.5 per cent being caused by differences in the
assembly histories of the host galaxies. Under the extreme assumption that no stellar cluster
survives to the present day, the mass fractions increase to a median of 5.9 and 1.8 per cent.
These small fractions indicate that the disruption of GCs plays a sub-dominant role in the
build-up of the stellar halo. We also determine the contributed halo mass fraction that would
present signatures of light-element abundance variations considered to be unique to GCs, and
find that clusters and GCs would contribute a median of 1.1 and 0.2 per cent, respectively. We
estimate the contributed fraction of GC stars to the Milky Way halo, based on recent surveys,
and find upper limits of 2–5 per cent (significantly lower than previous estimates), suggesting
that models other than those invoking strong mass loss are required to describe the formation
of chemically enriched stellar populations in GCs.
Key words: galaxies: star clusters: general — globular clusters: general — stars: formation
— galaxies: evolution — galaxies: formation
1 INTRODUCTION
Understanding the formation and evolution of massive, compact
stellar clusters, also known as globular clusters (GCs), allow the
reconstruction of the assembly history of their host galaxies (e.g.
Forbes et al. 2018; Myeong et al. 2018; Kruijssen et al. 2019b; Mas-
sari et al. 2019). Over the past decade, several studies have used the
presence of light-element abundance variations in GCs (character-
ized by a depletion in C, O, and Mg and an enhancement in N,
Na, Al; e.g. Carretta et al. 2009; Piotto et al. 2015), along with a
chemical-tagging technique, to identify stars in our Galaxy as can-
didates that may have formed in stripped or dissolved GCs. This
technique has been applied to the inner Galaxy (Schiavon et al.
2017), as well as to halo field stars to reconstruct the build-up of
our Galaxy (e.g. Martell & Grebel 2010; Martell et al. 2011; Car-
ollo et al. 2013; Martell et al. 2016; Koch et al. 2019). These lat-
ter studies find that ∼1.4–2.6 per cent of halo field stars exhibit
light-element abundance patterns resembling those of GCs. This
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suggests that, if GCs are the unique formation sites of chemically
distinct stellar populations1, an upper limit of ∼ 11–47 per cent of
halo stars have originated in GCs, with the exact number depend-
ing on the details of the GC formation and evolution model, as well
as the fraction of enriched-to-unenriched stars considered (Carretta
2016; Martell et al. 2016; Koch et al. 2019).
These fractions would imply that a considerable fraction of
the stellar halo originated in disrupted or surviving GCs. However,
recent observational studies suggest a different scenario for the for-
mation of the Galactic stellar halo. By comparing the high blue
straggler-to-blue horizontal branch stellar ratio in the stellar halo to
the low ratios observed in GCs, Deason et al. (2015) argue that the
different population ratios favour a scenario in which the Galactic
stellar halo has been built up by a few, relatively massive dwarf
galaxies. In addition, a large number of studies using data from the
1 We use the terms ‘chemically-distinct’ or ‘enriched’ stars interchange-
ably to refer to stars exhibiting the light-element abundance patterns resem-
bling those of GCs, and we will refer to the stellar population without these
chemical features as ‘unenriched’ or ‘primordial’.
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Gaia mission suggest that the a large fraction of the inner Galactic
stellar halo was contributed by a single satellite of mass∼ 109 M
that was accreted ∼ 9–10 Gyr ago (Gaia-Enceladus/Sausage; e.g.
Belokurov et al. 2018; Helmi et al. 2018; also see Kruijssen et al.
2019b). Recently, Conroy et al. (2019) find that the bulk of the stel-
lar halo splits in discrete features in the orbital-chemical space, in-
dicating that the majority of halo stars have assembled from tidally-
disrupted dwarf galaxies.
In a companion paper, we look at the mass contribution of
GCs to the bulge in the suite of 25 present-day Milky Way-mass
galaxies from the E-MOSAICS simulations (Pfeffer et al. 2018;
Kruijssen et al. 2019a). We find that the disruption of GCs con-
tributes between 0.3–14 per cent of the bulge mass, in agreement
with recent observational estimates (Hughes et al. 2019a). With the
aim of determining whether the disruption of GCs plays a promi-
nent role in the build-up of stellar haloes, in this work we quantify
the total mass contribution of clusters and GCs, as well as that of
chemically-enriched stars, to the stellar halo in the 25 Milky Way-
mass galaxies from the E-MOSAICS suite, which we then com-
pare with results obtained from recent observational studies.
2 SUMMARY OF THE E-MOSAICS SIMULATIONS
In order to determine the contribution of the dynamically disrupted
mass from clusters and GCs to the build-up of the stellar halo,
we use the 25 cosmological zoom-in simulations of present-day
Milky Way-mass galaxies that are part of the E-MOSAICS suite.
The MOdelling Star cluster population Assembly In Cosmologi-
cal Simulations (MOSAICS, Kruijssen et al. 2011; Pfeffer et al.
2018) within EAGLE (Evolution and Assembly of GaLaxies and
their Environments, Schaye et al. 2015, Crain et al. 2015) project
combines a sub-grid description of bound stellar cluster formation
and evolution with a state-of-the-art galaxy formation model within
the ΛCDM cosmogony. This enables a self-consistent study of the
formation and co-evolution of galaxies and their stellar cluster pop-
ulations, in which GCs emerge from the cluster population after a
Hubble time of evolution. For a detailed description of the physical
models adopted in E-MOSAICS and details of the simulations, we
refer the reader to Pfeffer et al. (2018) and Kruijssen et al. (2019a).
Here we briefly summarize the most relevant prescriptions used.
Our description of cluster formation and evolution is as fol-
lows. Whenever a gas particle is converted to a stellar particle
(∼ 2.25 × 105 M), a cluster population forms within the stellar
particle in a sub-grid fashion. The properties of the cluster popula-
tion are governed by the fraction of stellar mass forming in bound
clusters (i.e. the cluster formation efficiency, Bastian 2008) and
the shape of the initial cluster mass function. The cluster forma-
tion efficiency is determined using the model of Kruijssen (2012),
which predicts a strong correlation with gas pressure that is also ob-
served in nearby extragalactic systems (Adamo et al. 2015; John-
son et al. 2016). The initial cluster mass function is assumed to
be a Schechter function with an environmentally-dependent upper
mass scale. This truncation mass is also predicted to increase with
gas pressure (Reina-Campos & Kruijssen 2017), and it is found
to reproduce observations of young massive clusters in the local
Universe (Reina-Campos & Kruijssen 2017; Messa et al. 2018;
Trujillo-Gomez et al. 2019). Once formed, the clusters are evolved
alongside their host galaxies in a cosmological context. The stellar
clusters lose mass due to stellar evolution (Wiersma et al. 2009),
tidal shocks, two-body relaxation (Kruijssen et al. 2011) and dy-
namical friction (Pfeffer et al. 2018), the latter being necessarily
applied in post-processing. Such a description for cluster forma-
tion and evolution has been found to reproduce a wide variety of
observed cluster populations (Pfeffer et al. 2018; Kruijssen et al.
2019a; Usher et al. 2018; Pfeffer et al. 2019b), as well as to predict
links between the cluster population and its host galaxy (Kruijs-
sen et al. 2019a; Hughes et al. 2019b; Pfeffer et al. 2019a; Reina-
Campos et al. 2019).
3 MASS FRACTION OF HALO STARS FORMED IN GCS
In order to define the stellar halo of the central galaxy in our zoom-
in simulations, we follow the same criteria described by Zolotov
et al. (2009) (see their section 2.1). Using the present-day informa-
tion in our simulations, we first determine the angular momentum
in the z-direction (i.e. perpendicular to the disk), Jz, of all stel-
lar particles, and discard those that belong to the thin and thick
disks, Jz/Jcirc > 0.5 (Sales et al. 2012), i.e. with angular mo-
mentum resembling that of a corrotating circular orbit with similar
orbital energy, Jcirc. Once we select all stellar particles belonging
to the spheroid (Jz/Jcirc < 0.5 ), we distinguish between bulge
and halo stars by considering a distance cut based on the half-mass
stellar radius of each galaxy, R1/2,∗. Stars lying farther away than
this radius and within 50 kpc, R1/2,∗ < r < 50 kpc2, are con-
sidered to belong to the halo and we determine its mass from the
halo field stellar population. According to this definition, we mea-
sure stellar halo masses of a median ∼ 3.4 × 109 M among our
suite of galaxies, which decreases by a factor ∼ 6 when restricted
to a metallicity range typically used in chemical-tagging studies
([Fe/H] ∈ [−1.8,−1.3], e.g. Koch et al. 2019). These masses are
lower limits, as the EAGLE model is known to underpredict the
peak of the ratio of stellar mass to halo mass of central galaxies
(Crain et al. 2015).
With the aim of comparing our results with those obtained
through the chemical-tagging technique, we define our cluster and
GC populations to resemble those in which chemically-distinct
stellar populations have been observed. Hence, we define stellar
clusters to be more massive than minitcl > 5 × 103 M at birth3,
older than 2 Gyr (Martocchia et al. 2018), more metal-rich than
[Fe/H] > −3 dex and part of the halo as described above. In addi-
tion to that, we restrict the GC population to be more massive than
minitcl > 105 M at birth (Kruijssen 2015).
Our cluster and GC populations are affected by dynamical
friction, which we apply in post-processing. We assume that ex-situ
objects disrupted by dynamical friction in their host dwarf galaxies
contribute to the build-up of the stellar halo of the central galaxy
when their host galaxy is accreted. On the contrary, in-situ objects
that disrupt due to dynamical friction are assumed to sink into the
center of the central galaxy, and their disrupted mass does not con-
tribute to the build-up of the halo.
We determine the total final and initial masses in the cluster
and GC populations for each of our simulations, and we show the
resulting total initial-to-present mass ratios in the top row of Fig. 1.
We find that the total numerically-resolved cluster populations are
a median∼ 5.8 times more massive at birth, but when restricting to
massive clusters, the total initial GC populations are only a median
2 This outer limit is chosen in order to facilitate the comparison with ob-
servational studies (e.g. Koch et al. 2019).
3 To reduce memory requirements, in E-MOSAICS we consider that stel-
lar clusters less massive will experience short disruption timescales (shorter
than 1 Gyr) and can be safely discarded at formation.
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Figure 1. Total initial-to-present mass ratios of clusters and GCs (first row), mass fraction of halo stars contributed by clusters and GCs (second row), mass
fraction of halo stars contributed by chemically-distinct stars from clusters and GCs (third row), and mass fraction of halo stars contributed by chemically-
distinct stars from clusters and GCs matching the metallicity range of Koch et al. (2019) (fourth row) in each of our 25 present-day Milky Way-mass
simulations. We define the stellar halo as described in the text, and define the cluster population to be older than 2Gyr, more metal-rich than [Fe/H] > −3 dex,
and part of the stellar halo. The GC population is also restricted to be more massive than minitcl > 105 M at birth. In order to mimic observations, we restrict
the metallicity range in the fourth row to [Fe/H] ∈ [−1.8,−1.3] for the cluster and GC populations, and for the halo field stars. The upper limits correspond to
the extreme case in which no cluster or GC survive to the present day. The horizontal dotted lines and the shaded regions indicate the median and the 25th–75th
percentiles, respectively, of the arrow bases (top) and arrow heads (bottom), for each population over our galaxy sample. The red line and downward arrow
shown in the second and fourth rows mark the derived upper limit of the mass fraction of halo stars contributed by GCs of ∼ 11 per cent from Koch et al.
(2019), and the observationally-inferred fraction of chemically-distinct stars in the Galactic halo (2.6± 0.2 per cent, Koch et al. 2019), respectively, whereas
the blue box and downward arrow shown in the second row correspond to the revised observational upper limit of 2–5 per cent calculated in this work (see
Sect. 4).
∼ 2.5 times more massive than at the present day, in agreement
with our earlier findings (Reina-Campos et al. 2018).
We then calculate the mass fraction of halo field stars con-
tributed by clusters and by GCs as the relative contribution of the
dynamically disrupted mass to the mass of the stellar halo,
F halo =
ΣN∗i
(
M initcl,i f∗,i −Mz=0cl,i
)
Mhalo
, (1)
where M initcl,i and M
z=0
cl,i correspond to the total initial and final
masses of the cluster population contained in the stellar particle i,
f∗ = M∗/M init∗ is a factor to correct for stellar evolutionary mass
loss, andMhalo corresponds to the total mass of the halo field stars.
Due to the lack of an explicit model for the cold, dense gas of the
interstellar medium in EAGLE, which is predicted to dominate the
disruptive power of galaxies, cluster disruption is underestimated
in E-MOSAICS (Pfeffer et al. 2018). This underdisruption occurs
at all gas densities, but it is particularly important at high metallic-
ities ([Fe/H] > −1 dex) since those clusters do not migrate from
their birth environment (see appendix D in Kruijssen et al. 2019a).
This implies that the mass fractions calculated using the dynami-
cally disrupted mass from clusters and GCs are a lower limit, and
we consider as an upper limit the extreme case in which no cluster
or GC survives to the present day, i.e. all the initial mass in clusters
and GCs is disrupted and contributes to the build-up of the halo.
We show these fractions for each of our simulations in the second
row of Fig. 1.
We find that clusters contribute a median 2.3 per cent of mass
to the stellar halo, whereas the GC populations present in our suite
of simulations contribute a median 0.3 per cent of the mass in the
stellar halo (with the 25–75th percentiles spanning 1.9–3.0 and
0.2–0.5 per cent, respectively). The mass fractions of halo stars
contributed from clusters or GCs increase to a median 5.9 and a
median 1.8 per cent among our suite of galaxies under the extreme
assumption that no clusters survive to the present day, respectively,
with the 25–75th percentiles spanning 4.9–7.6 and 1.4–2.4 per
cent.
The scatter in the halo mass fraction contributed by GCs
among our sample is caused by the differences in the formation
MNRAS 000, 1–7 (2019)
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and assembly history of each host galaxy. Two particularly note-
worthy examples are galaxies MW16 and MW19, as they repre-
sent two very distinct cases. MW16 undergoes a rich history of
mergers, as it is assembled from 38 distinct resolved progenitors
with stellar masses & 4 × 106 M (see table A.3 in Kruijssen
et al. 2019a), and exhibits a peak in its GC formation rate and a
steep GC age-metallicity relation, which lead to a GC population
that is more massive than the median among our galaxy sample,
both initially and at the present day. Its rich merger history also
leads to a high degree of dynamical disruption. Although the stellar
halo of this galaxy is the most massive among our galaxy sample,
Mhalo ∼ 1010 M, the mass fraction of halo stars that formed in
GCs in this galaxy is the highest among our suite of simulations,
F halo ' 2–7 per cent for our two bracketing cases. By contrast,
galaxy MW19 forms its stars primarily in-situ and exhibits a shal-
lower age-metallicity relation, and no significant peak in its GC
formation rate (Kruijssen et al. 2019a). This leads to a GC popula-
tion that is significantly less massive than the median, and a smaller
mass fraction of halo stars that formed in GCs, about 0.02 per cent,
which increases to 0.3 per cent under the extreme assumption that
no GCs survive to the present day in the halo.
We can now use the observed relation between the fraction
of chemically-enriched stars and cluster mass from Milone et al.
(2017) to predict the mass fraction of enriched stars contributed by
clusters and GCs to the stellar haloes in our suite of simulations.
Reina-Campos et al. (2018) suggest that, given the dynamical dis-
ruption mechanisms considered in E-MOSAICS, which are pos-
tulated to dominate cluster evolution, the observed positive correla-
tion between the enriched fraction and cluster mass likely signifies
the initial relation at the time the cluster was born. We thus assume
that the observed positive trend describes the initial enriched frac-
tion in our clusters,
fen = 0.189 log10(m/M)− 0.367, (2)
with m = minitcl being the initial cluster mass and calculate the to-
tal fraction of chemically-distinct mass contributed by our cluster
and GC populations to the stellar halo, F haloen , which we show in
the third row of Fig. 1. We assume there is no preferential mass
loss of the unenriched stellar population relative to the chemically-
enriched stars within the cluster, so both populations are lost at the
same rate. We find that the cluster and GC populations in our suite
of galaxies contribute a median 1.1 and 0.2 per cent of chemically-
distinct mass to the stellar halo, respectively, with the 25–75th per-
centiles ranging between 0.9–1.4 and 0.1–0.4 per cent.
We now restrict our cluster and GC populations, as well as
our stellar haloes, to the same metallicity range typically used in
chemical tagging studies ([Fe/H] ∈ [−1.8,−1.3], e.g. Koch et al.
2019) and recalculate the total mass fraction of chemically-distinct
stars contributed by clusters and GCs to the stellar halo, F haloen,obs,
which we show in the bottom row of Fig. 1. We find that the me-
dians of the recalculated fraction of chemically-distinct stars do
not change significantly relative to the metallicity-unrestricted case
([Fe/H] > −3 dex, third row in Fig. 1), but the scatter among our
galaxy sample decreases.
In order to investigate the influence of the metallicity scale
used in EAGLE in setting this result, as well as the decrease in
the scatter, we explore the dependence of the mass fractions of
chemically-distinct halo stars contributed by clusters on the metal-
licity range considered in Fig. 2. We find that, as the metallic-
ity considered increases, the median mass fractions of chemically-
distinct halo stars among our suite of galaxies decrease, whereas
the scatter in each metallicity bin increases. We also find that an
offset of ±0.3 dex in the metallicity scale of the EAGLE model
would not change the metallicity-limited fractions (fourth row of
Fig. 1); at metallicities of [Fe/H] 6 −1 dex, the mass fractions of
chemically-distinct stars in the halo exhibit a normalized interquar-
tile range of ∼ 0.4, which increase to an order of magnitude larger
at higher metallicities. Lastly, we find that the increase of the scatter
towards large metallicities is caused by the age limit used to define
our cluster and GC populations (ages older than 2 Gyr), which ne-
glects the most recent star formation in the galaxy. As a result, if
the observed fraction of enriched stars in the halo is made at the low
end of the GC metallicity range, this can lead to an overestimation
of the total mass contributed by GCs to the stellar halo.
4 COMPARISON TO THE MILKYWAY
Observational studies work under the assumption that GCs are a
unique site for the formation of chemically distinct stellar popula-
tions, and use the chemical signature observed (characterised by a
depletion in C, O, and Mg as well as an enhancement in N, Na,
and Al, e.g. Bastian & Lardo 2018) to estimate the mass fraction
contributed by GCs (either currently still bound or fully disrupted)
to the stellar halo of the Milky Way (e.g. Martell & Grebel 2010;
Martell et al. 2011, 2016; Koch et al. 2019). A number of sur-
veys have looked for stars with anomalous chemistry in samples
of halo stars, mainly through either N or Na enhancement. Such
an estimate naturally only corresponds to the contribution to the
halo from clusters that host multiple populations, the presence of
which appears to be related to the initial mass of the cluster, near
∼ 105M (Kruijssen 2015; Reina-Campos et al. 2018). The results
of these different approaches have been quite consistent, with au-
thors finding between 1.4–2.6 per cent of halo stars showing N or
Na-enhancement (e.g. Martell & Grebel 2010; Carretta et al. 2010;
Koch et al. 2019).
Given that low-mass stars dominate the Chabrier stellar initial
mass function used in E-MOSAICS by number, we convert the ob-
tained mass fractions to number fractions by assuming a one-to-one
conversion and compare our results with those obtained using the
chemical-tagging technique. This way, we find that the metallicity-
limited fractions of chemically-distinct stars in the halo contributed
by disrupted GCs (bottom right panel in Fig. 1) estimated in this
work are consistent with the observational estimates (e.g. Martell
et al. 2016; Koch et al. 2019), although perhaps a bit low. In con-
trast, assuming that chemically-distinct stars can also form in low-
mass stellar clusters (more massive than 5× 103 M at birth), we
find that the mass fraction of chemically-distinct stars in the halo
exhibit better agreement with the observational results (bottom left
panel in Fig. 1). This suggests that fully-disrupted low-mass stellar
clusters might also exhibit stars with light-element inhomogenities
that are contributed to the stellar halo when the cluster dissolves.
In order to find the total contribution of GCs to the stellar halo,
this fraction needs to be corrected for the unseen primordial or un-
enriched stars with field-like abundances that are not detectable in
such chemical-tagging surveys. In earlier works, this was done by
adopting the heavy mass-loss invoked in multiple population for-
mation models (e.g. D’Ercole et al. 2008; Schaerer & Charbonnel
2011) in order to solve the “mass budget problem” (see Bastian &
Lardo 2018 for a recent review). This correction factor was largely
unconstrained, resulting in estimates between 17–40 per cent for
the mass fraction contribution of GC stars to the halo.
Koch et al. (2019) adopt a more physically motivated formal-
ism to estimate the correction factor, using the constraint that GCs
MNRAS 000, 1–7 (2019)
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Figure 2. Mass fractions of halo stars contributed by chemically-distinct stars from clusters (left panel) and GCs (right panel), as a function of metallicity
in each of the 25 present-day Milky Way-mass galaxies of the E-MOSAICS simulations. In order to mimic observational studies, we consider the same
metallicity range for both the cluster and GC populations and for the halo field stars. The upper limits correspond to the extreme case in which no cluster or GC
survives in the stellar halo. For each metallicity bin, the dotted black lines and grey shaded regions indicate the median and 25–75th percentiles, respectively of
the arrow bases (top) and arrow heads (bottom). The red lines and downward arrows correspond to the observationally-inferred fraction of chemically-distinct
stars in the Galactic halo (2.6± 0.2 per cent, Koch et al. 2019).
were (on average) only a factor two more massive than at present,
as derived through comparisons of the index of the low-mass stel-
lar mass function within GCs with cluster disruption models (e.g.
Kruijssen & Mieske 2009; Webb & Leigh 2015). The authors also
assume that all of the chemically-enriched stars present in the halo
are contributed from fully disrupted GCs, so that the existing GC
population only lost unenriched stars to the halo. In addition, the
authors assume that all GCs, regardless of their metallicity and or-
bit, contribute to the stellar halo. Under these assumptions, the au-
thors estimate an upper limit of 11 per cent of the stellar halo is
made up of stars formed originally in GCs.
However, Forbes et al. (2018) have estimated the total mass in
existing GCs in the stellar halo, 2.6× 107 M (see also Kruijssen
& Portegies Zwart 2009), as well as the total mass lost by each of
these GCs (2.5×105M on average, and a total of 2.5×107M for
the ∼ 100 halo GCs considered). They compared that to the total
mass of the Galactic stellar halo (1.5±0.4×109 M; Deason et al.
2019) and found that the total mass of enriched stars presently in
GCs is ∼ 1.3× 107M (assuming an enriched-to-total fraction of
50 per cent; this increases slightly if more realistic values, fen =
0.67, are used). The fact that this is very close to the observed mass
in halo field enriched stars (1.4–2.6 per cent×(1.5±0.4)×109 M
= 1.5–4.9 × 107M) suggests that the amount of mass loss from
existing GCs is enough to explain the observed number of enriched
stars in the halo under the assumption that both unenriched and
enriched stars are lost at similar rates (also see Kruijssen 2015).
This suggests that the original number of GCs was of the similar
order of magnitude as the current one.
Such a conclusion is also supported by studies that have found
that the present day fraction of enriched stars in GCs is representa-
tive of the initial fraction (e.g Larsen et al. 2012; Bastian & Lardo
2015; Reina-Campos et al. 2018). If each present-day GC had a fac-
tor of 2–4 times more unenriched stars at birth than they currently
do, this would represent a drastic difference from their present day
values and would be inconsistent with a number of observations
and expectations (e.g. Bastian & Lardo 2018).
Under the assumption that the current population ratio,
i.e. enriched-to-unenriched, is similar to the initial one, we would
only need to correct the observed fraction of chemically-distinct
stars in the halo (1.4–2.6 per cent) for the population ratio between
unenriched and enriched stars. Adopting a 50/50 ratio leads to 2.8–
5.2 per cent, while adopting an enriched fraction of fen = 0.67
(Milone et al. 2017) leads to fractions of 2.1–3.9 per cent of the
Galactic stellar halo being contributed by GCs4. This estimate re-
mains unchanged if one posits that disrupted GCs (as opposed to
dissolving GCs that still exist) are the main contributor of GC stars
to the halo, as long as the enriched-to-unenriched ratio was similar
in these clusters to that of existing GCs.
Finally, we note, following Koch et al. (2019), that these es-
timates are upper limits, as other processes (e.g. binary evolution)
can lead to normal stars appearing as enriched stars. Hence, the
likely contribution of GCs to the stellar halo is lower than the 2–5
per cent estimated here.
We can now compare these observational estimates to the
mass fractions of halo stars dynamically lost from clusters and GCs
in the E-MOSAICS simulations, which are shown in the second
row of Fig. 1. We find that the simulated fractions of halo stars
contributed by GCs are consistent with the revised observational
upper limits of 2–5 per cent of the Galactic halo stars originating in
GCs, implying that GCs play a sub-dominant role in the build-up
of stellar haloes.
This result is in agreement with recent observational studies
that suggest that the bulk of the Galactic stellar halo is assembled
from tidally-disrupted dwarf galaxies. Deason et al. (2015) argue
that the relatively high ratio of blue stragglers to blue horizontal
branch stars in the stellar halo is inconsistent with the low ratios
observed in GCs, and suggests a scenario in which massive dwarfs
are the dominant building blocks of the Galactic stellar halo. More-
over, a large number of studies using data from the Gaia mission
4 Defined as stellar clusters that host multiple populations, which we as-
sume are those older than 2 Gyr, more metal-rich than [Fe/H] > −3 dex
and more massive than minitcl > 105 M at birth.
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suggest that the accretion of a single massive (M ∼ 109 M)
satellite ∼ 9–10 Gyr ago could be the origin of the inner Galactic
stellar halo (Gaia-Enceladus/Sausage; e.g. Belokurov et al. 2018;
Helmi et al. 2018; also see Kruijssen et al. 2019b). In addition, re-
cent observations of the Galactic halo find that the majority of the
halo is composed by discrete features in orbital-chemical space, in-
dicating that the bulk of the halo (or specifically ∼ 70 per cent,
see Mackereth & Bovy 2019) has assembled from the accretion of
tidally-disrupted dwarfs galaxies (Conroy et al. 2019). Thus, the
small fractions of halo stars contributed by GCs calculated in this
work using the E-MOSAICS simulations would also favour this
formation scenario of the Galactic stellar halo.
5 SUMMARY
We use the 25 present-day Milky Way-mass cosmological zoom
simulations from the E-MOSAICS project to quantify the total
mass fraction, as well as the chemically-distinct mass fraction, con-
tributed to the stellar halo by clusters and GCs, and compare the
results with recent observations.
We define our cluster and GC populations to resemble those
in which light-element abundance variations have been observed.
Thus, the halo cluster populations are defined to be older than
2 Gyr and more metal-rich than [Fe/H] > −3 dex. In order to
reduce memory requirements in E-MOSAICS, only clusters ini-
tially more massive than minitcl > 5 × 103 M are evolved and
considered in the numerically-resolved cluster populations. In ad-
dition to these criteria, we consider as halo GCs those clusters more
massive than minitcl > 105 M at birth.
We find that the stellar haloes in our central galaxies contain
a median 2.3 and 0.3 per cent of mass that formed as part of a
cluster or a GC, with the 25–75th percentiles spanning 1.9–3.0 and
0.2–0.5 per cent, respectively. The scatter among our galaxy sam-
ple can be traced to differences in the assembly histories of the
host galaxies (see Sect. 3). Using the observed positive correlation
between the fraction of enriched stars and their cluster mass from
Milone et al. (2017), we determine the mass fraction of the stellar
halo contributed from disrupted clusters and GCs that would exhibit
light-element abundance variations. We find that among our suite of
galaxies, there is a median 1.1 and 0.2 per cent of mass in the stellar
halo that is chemically enriched contributed by clusters and GCs,
respectively. These small fractions imply that clusters and GCs play
a sub-dominant role in the build-up of the stellar halo. This result is
in agreement with recent studies that suggest that the Galactic stel-
lar halo has assembled from tidally-disrupted dwarf galaxies (e.g.
Deason et al. 2015; Belokurov et al. 2018; Helmi et al. 2018; Con-
roy et al. 2019; Kruijssen et al. 2019b).
We also find that the mass fraction of chemically-enriched
stars in the halo contributed by clusters and GCs depends on the
metallicity range considered, with decreasing fractions towards
higher metallicity bins. As a result, if the observed fraction of en-
riched stars in the halo is made at the low end of the GC metal-
licity range, this can lead to an overestimation of the total mass
contributed by GCs to the stellar halo.
Comparing our results to recent observational surveys, which
use a chemical-tagging technique to identify chemically-distinct
stars in the halo and find typical upper limits between 1.4–2.6 per
cent (e.g. Martell et al. 2016; Koch et al. 2019), we find that our pre-
dicted fractions of chemically-distinct stars in the halo contributed
by GCs are consistent with observations, although perhaps a bit
low (fourth row in Fig. 1). This suggests that the amount of mass
loss from surviving GCs is enough to explain the observed number
of enriched stars in the halo under the assumption that both unen-
riched and enriched stars are lost at similar rates. This result, in
conjunction with the agreement between the properties of observed
cluster populations and those simulated in the E-MOSAICS suite
of simulations (Pfeffer et al. 2018; Kruijssen et al. 2019a; Usher
et al. 2018; Pfeffer et al. 2019b), suggests that models other than
those requiring strong mass loss of unenriched stars are required to
describe the formation of chemically enriched stellar populations
in GCs.
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